ATP synthases are the primary source of ATP in all living cells. To catalyze ATP synthesis, these membrane-associated complexes use a rotary mechanism powered by the transmembrane diffusion of ions down a concentration gradient. ATP synthases are assumed to be driven either by H + or Na + , reflecting distinct structural motifs in their membrane domains, and distinct metabolisms of the host organisms. Here, we study the methanogenic archaeon Methanosarcina acetivorans using assays of ATP hydrolysis and ion transport in inverted membrane vesicles, and experimentally demonstrate that the rotary mechanism of its ATP synthase is coupled to the concurrent translocation of both H + and Na + across the membrane under physiological conditions. Using free-energy molecular simulations, we explain this unprecedented observation in terms of the ion selectivity of the binding sites in the membrane rotor, which appears to have been tuned via amino acid substitutions so that ATP synthesis in M. acetivorans can be driven by the H + and Na + gradients resulting from methanogenesis. We propose that this promiscuity is a molecular mechanism of adaptation to life at the thermodynamic limit.
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A 1 A o ATPase | energy conservation | ion specificity | methanogens | energetic limit F rom archaea to man, the common enzyme in cellular bioenergetics is the ATP synthase. This membrane-bound macromolecular complex produces ATP, the primary energy source in the cell, at the expense of transmembrane ion gradients established by diverse enzymes, which vary across organisms and organelles. ATP synthases and related ATPases arose from a common ancestor and evolved into three distinct classes: the V 1 V 0 ATPase present in eukarya; the F 1 F 0 ATP synthase found in bacteria, mitochondria, and chloroplasts; and the A 1 A 0 ATP synthase present in archaea (1, 2) . All of these synthases are rotary machines that comprise two coupled units, one residing in the cytoplasm (F 1 /A 1 /V 1 ), and another (F o /A o /V o ) embedded in the membrane. The former catalyzes ATP synthesis (or hydrolysis), and the latter is coupled to the transmembrane electrochemical potential (3) (4) (5) (6) (7) (8) .
The ion specificity of ATP synthases/ATPases is encoded by the membrane-embedded domain, and in particular in the rotor ring. This ring is an oligomeric assembly of multiple copies of subunit c, each of which carries at least one ion binding site. The architecture of the membrane domain enables the rotation of the c ring around its central axis in a manner that is tightly coupled to ion flow across the membrane (9) (10) (11) (12) . The rotation of the c ring is also mechanically transmitted to the cytoplasmic domain, where it sustains a conformational cycle conducive to ATP synthesis (13, 14) .
Most F 1 F 0 ATP synthases and V 1 V 0 ATPases use protons as the coupling ion, but some use sodium ions instead (15) (16) (17) . However, Na + -driven F 1 F 0 ATP synthases have so far been found only in anaerobic bacteria, whose metabolism leads to the generation of a primary Na + gradient, rather than a H + gradient (16, 17) . Na + is clearly preferred over H + in these ATP synthases (18, 19) . This finding is also true at acidic pH, whereby ATP hydrolysis activity increases with increasing Na + concentration in a typical Michaelis-Menten kinetic, indicating very high Na + specificity under any physiological condition. Thus, conventional wisdom holds that ATP synthases are either H + -or Na + -coupled but do not use both cations in vivo. Methanogenic archaea are one of the very few life forms that produce both H + and Na + primary electrochemical potentials simultaneously. Methanogenesis is believed to be one of the first biochemical pathways to sustain life on earth, despite its low energetic output (20) . All methanogens investigated so far have a sodium-motive methyl-tetrahydromethanopterin:coenzyme M methyltransferase that is also able to generate a sodium ion potential during methanogenesis. The free-energy gain from this reaction allows for the translocation of only around 1.7 mol Na + per mole of substrate. Evolutionary advanced methanogens, such as strains of the genus Methanosarcina, have cytochromes and a membrane-integral ion-carrier, methanophenazine, the H + transport mechanism of which is similar to that of ubiquinol. This reaction energizes the translocation of 2 mol of H + . Because at least 3 mol of ions are required for synthesis of 1 mol of ATP (21), it appears that both the Na + and the H + gradient must be somehow used for survival.
Thus, the question that arises is how these gradients are used for the synthesis of ATP. A possibility discussed in the literature is the presence of two distinct ATP synthases, one coupled to H + and another to Na + (20) . However, this notion is not supported by inspection of genome sequences. It is more probable that a Na + / H + antiporter converts the Na + gradient into a H + gradient, or vice versa. It is also conceivable, however, that ATP synthesis may in some cases be driven directly by both Na + and H + gradients (20) . This phenomenon has never been reported for any ATP synthase in physiological conditions, but such promiscuity has been observed in other biological systems for example, some cation/ solute symporters (22, 23) and motility channels (24) .
Here, we address this long-standing question using energetically intact inside-out membrane vesicles (IMV) derived from Methanosarcina acetivorans. Our results demonstrate the operation of an ATPase that concurrently drives the translocation of both Na + and H + under physiological conditions. This observation, not previously reported for any life form, strongly indicates that both Na + and H + gradients are used simultaneously for ATP synthesis in this organism. Using molecular models and computer simulations, we uncover the structural basis for the observed promiscuity of this ATP synthase, in terms of the intrinsic ion selectivity of its c ring rotor. In summary, this study sheds light on a molecular mechanism of adaptation to life at the To whom correspondence may be addressed. E-mail: vmueller@bio.uni-frankfurt.de or jose.faraldo@biophys.mpg.de (theory).
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1115796109/-/DCSupplemental. thermodynamic limit, and substantiates an emerging paradigm in which the ion specificity of ATP synthases is seen as a spectrum, rather than as two opposing extremes, reflecting the natural diversity of environmental constraints.
Results
IMVs Are Bioenergetically Intact. To assess the possibility of Na + and H + transport, we established a system to prepare IMVs from M. acetivorans (SI Materials and Methods). To demonstrate bioenergetic coupling under physiological conditions, we tested whether metabolism leads to ATP synthesis by IMVs. Upon addition of methanol, methanogenesis started, and a simultaneous increase in ATP content was detected (Fig. S1) To determine whether ATP hydrolysis is not only stimulated by Na + but also accompanied by Na + transport, IMVs were incubated in the presence of 10 mM 22 Na + (SI Materials and Methods). Upon addition of ATP, 22 Na + was accumulated in the lumen of the IMVs ( Fig.  2A ). The rate of 22 Na + transport was accelerated by addition of Na + (Fig. S2 ). Maximal Na + transport was observed at 6 mM, half maximal at 1.1 ± 0.4 mM, which fits to the K m value determined for ATP hydrolysis. The V max was dependent on the vesicle preparation and ranged between 2.3 and 7.7 nmol Na + per min·mg protein. Na + transport was inhibited by DCCD (70% at a concentration of 750 μM) and diethylstilbestrol (DES) (62% at a concentration of 250 μM), two well-known ATP synthase inhibitors. This finding is consistent with the hypothesis that the A 1 A 0 ATP synthase present in the IMVs catalyses ATP-driven Na + translocation. + antiporter, we determined the effect of the protonophores 3,5-di-tert-butyl-hydroxybenzylidenemalonitrile (SF6847) and carbonyl cyanide m-chlorophenylhydrazone (CCCP). If the Na + gradient was secondary, and because of a primary H + gradient, the protonophore should abolish the Na + accumulation. However, Na + accumulation was not affected by 10 μM SF6847 or CCCP. In contrast, the addition of the sodium ionophore N,N,N,N′-tetracyclohexyl-1,2-phenylendioxydiacetamide (ETH157) (20 μM) completely prevented Na + accumulation (Fig. 2B ). In summary, the ionophore experiments clearly demonstrate that the ATPdependent Na + transport is indeed primary and electrogenic. 3 , and 50 mM KCl. The reaction was started by addition of 5 mM of K 2 -ATP (black arrow). In A, one assay (•) did not receive ATP. In B, one assay (▲) was preincubated with ETH157; the other received ETH157, as indicated by the gray arrow (■).
(decarboxylases, Rnf complex) to couple substrate oxidation to membrane energization (16, 17, 26) .
To assess whether the A 1 A o ATP synthase from M. acetivorans shares these features, the dependence of ATP hydrolysis on Na + concentration was analyzed at two different pH values (SI Materials and Methods). Most surprisingly, and in sharp contrast to the known Na + F 1 F o ATP synthases, ATP hydrolysis at pH 5 was not stimulated by Na + (Fig. 3A) . Moreover, the ATPase activity at pH 5 was even higher than that at pH 7 and saturating Na + concentrations. This finding strongly indicates that under these conditions, full activity is achieved with protons as the coupling ion. This indication was corroborated by the fact that Na + transport was not observed at pH 5 and 10 mM Na + (Fig. 3B) . To establish whether H + is translocated under the same conditions at which active Na + transport occurs, we monitored the development of a pH gradient across the vesicle membranes using 9-amino-6-chloro-2-methoxyacridine (ACMA) (SI Materials and Methods). Upon addition of ATP, the fluorescence of ACMA was quenched, demonstrating proton transport into the vesicle. Subsequent addition of (NH 4 ) 2 SO 4 , which dissipates the H + gradient across the membrane, restored the fluorescence signal to the level before ATP addition. Preincubation with DCCD (or the protonophores SF6847 or CCCP) prevented fluorescence quenching (Fig. 4A) , indicating that the pH gradient (inside acidic) is generated by the ATP synthase, working in hydrolysis mode. As expected, inward H + transport was stimulated by high H + concentrations, and decreasing H + concentrations reduced transport rates (Fig. 4B) . ATP hydrolysis, however, was approximately constant under these conditions. Importantly, H + transport occurred in the presence of Na + (Fig.  4B) , and specifically under the conditions of Na + translocation, at pH 7. Na + stimulated H + transport (Fig. 4B) , which is consistent with observed stimulation of ATP hydrolysis under these conditions. In support of this notion is the observed increase in stimulation with decreasing H + concentration. Taken together, this data demonstrates that under physiological pH and Na + concentrations, H + and Na + concurrently bind to and are transported by the c ring of the methanogenic ATP synthase.
Structural Models of Subunit c in the Na + -and H + -Bound States. As mentioned, the ring of c subunits in the membrane domain of the ATP synthase carries a series of ion binding sites, approximately halfway through the membrane (27) . These sites are sequentially loaded and unloaded as the ring rotates around its axis and those sites exit the lipid environment and enter the interface with the subunit a, which is adjacent to the c ring in the membrane (28) . It is thus logical to assume that the ion-specificity of the ATP synthase is defined to a large extent by the rotor ring.
To rationalize the apparent ion promiscuity of the M. acetivorans ATP synthase, we analyzed the structure and selectivity of its c ring using computer modeling and simulation methods (SI Materials and Methods). First, structural models of a c 4 oligomer were created in both the Na + -and H + -bound states, taking advantage of the sequence homology between subunit c of M. acetivorans and those of Enterococcus hirae, Ilyobacter tartaricus, and Spirulina platensis, for which atomic structures are known (29) (30) (31) (Fig. S3) . Molecular dynamics simulations of these c 4 oligomers embedded in a phospholipid membrane were then carried out to refine the models in a realistic environment. Finally, these models were used to analyze the thermodynamic selectivity for H + or Na + of the M. acetivorans membrane rotor through free-energy calculations.
Representative snapshots of the molecular simulations of the Na + -and H + -bound c 4 constructs are shown in Fig. 5 The structural insights discussed above indicate that Na + coordination is possible in the M. acetivorans ATP synthase, but that it is to some degree suboptimal relative to the canonical Na + -coupled systems from, for example, I. tartaricus or its homolog Propionigenium modestum. In contrast, the mode of H + coordination in M. acetivorans seems to be very much comparable to those in, for example, H + -coupled cyanobacterial rings. We therefore reasoned that the specificity of the M. acetivorans c ring may be somewhere in between these extremes. To assess this hypothesis more quantitatively, we used the so-called "alchemical perturbation" method to extract the free energy of Na + /H + selectivity from additional molecular dynamics simulations (SI Materials and Methods). The result of these calculations for our models of the M. acetivorans c ring binding site are summarized in Fig. 6 , with reference to analogous data obtained for I. tartaricus, S. platensis, and Bacillus pseudofirmus OF4. This analysis unequivocally shows that the M. acetivorans c ring is strongly H + -selective; specifically, its H + selectivity is eight to nine orders-of-magnitude greater than the I. tartaricus c ring, which is weakly H + -selective and physiologically Na + -coupled (32) . Nevertheless, the M. acetivorans c ring favors H + to a significantly lesser degree than that of S. platensis, a cyanobacterium for which Na + binding has not been detected. In particular, the M. acetivorans ring is . All values are given in reference to analogous calculations for the complete c 11 ring from I. tartaricus, previously reported (32) . Selectivity values are shown for two alternative models of a M. acetivorans c 4 oligomer, one based on the architecture of the I. tartaricus c 11 ring (Left), and another based on the c 15 ring from S. platensis (Right). The computed selectivity of analogous c 4 constructs from I. tartaricus, S. platensis, and B. pseudofirmus OF4 is also given. about 1,000 times more likely to bind Na + . We attribute this difference largely to the presence of Thr 67 in the Na + -coordination sphere, instead of a hydrophobic alanine in S. platensis. The contrast is even more pronounced with the alkalophile B. pseudofirmus OF4 (34) , in which the c ring binding sites are more hydrophobic and thus extremely H + selective.
Discussion
Based on experimental assays of ATP hydrolysis and ion transport in bioenergetically active inverted membrane vesicles from the marine archaeon M. acetivorans, we have obtained several lines of evidence that demonstrate that the rotary mechanism of its A 1 A 0 ATP synthase is coupled to the concurrent transmembrane translocation of both Na + and H + under physiological conditions. Our interpretation of this experimental data rests on a comparative theoretical analysis of the ion selectivity the cring rotor, based on computer simulations. It is therefore assumed that the specificity of the enzyme is conferred primarily by the ion binding sites in this transmembrane structure. In principle, it is plausible that other subunits within the membrane domain contribute as well; in particular, subunit a is believed to provide aqueous access pathways for the transported ions into the c ring binding sites (35) (36) (37) , and could therefore confer additional specificity to the enzyme. However, to our knowledge no experimental evidence or bioinformatic analysis to date has indicated that this subunit is ion-specific.
In contrast, the thermodynamic principle of ion selectivity of the c subunit rotor has been recently delineated by theoretical analyses of Na + -and H + -driven rotors (32) , produced either by X-ray diffraction, computer modeling, or a combination thereof (30, 31, 33, 38) . In this view, all c rings are seen as intrinsically H + selective, as a result of the presence of a conserved carboxylate side-chain (Glu/Asp) in the binding sites. This baseline H + selectivity is, however, insufficient to ensure coupling to the proton motive force in physiological settings, because Na + is typically in great excess over H + . On the other hand, the intrinsic H + selectivity that the Glu/Asp confers is too large to ensure strict coupling to Na + gradients. Thus, ATP synthase c rings that are exclusively H + -or Na + -coupled have had to either boost or weaken this intrinsic H + selectivity. To accomplish the required specificify, it appears that the key adaptation is the amino acid composition of the binding sites (rather than for example, ring stoichiometry, or c subunit arrangement). To enhance H + binding over Na + , the sites must become more hydrophobic; to favor Na + binding, they must increase the number of polar sidechains capable of cation-coordination (32) .
The ion specificity of the ATP synthase should, therefore, be seen as a discrete spectrum. In alkalophilic organisms, such as B. pseudofirmus, the only polar side-chain in the c subunit binding site is the conserved Glu, and its predicted H + -selectivity is extreme. At the other end of the spectrum, the binding sites in E. hirae or I. tartaricus include three possible Na + coordinating interactions (in addition to the carboxylate and a backbone contact), and are therefore only marginally H + -selective, and thus Na + -coupled at physiological ion concentrations. Two of these polar side-chain interactions are preserved in the M. acetivorans c ring, shifting the H + -specificity of the structure upwards, so that concurrent coupling to H + and Na + ions (simultaneously bound to different sites in the rotor) may take place in physiological or in vitro settings where Na + is in sufficient excess. Our structural analysis of the M. acetivorans rotor assumes first that the specificity of the binding sites in a c 4 oligomer is comparable to that of the complete c ring, the stoichiometry of which is to date unknown. In this regard, we note that the computed selectivity of the I. tartaricus c 4 construct differs from that of the c 11 ring by less than one order-of-magnitude (i.e., < 1.4 kcal/mol) (Fig. 5) . By analogy, we expect that the calculated selectivity of the c 4 oligomer from M. acetivorans will be a good estimate of that of the complete ring. A second assumption is that the essential factors contributing to ion specificity can be captured in models based on known crystal structures. To address this theory, we created two independent models based on c rings of noticeably different architecture, namely those of I. tartaricus and S. platensis. These rings differ in the stagger of the outer and inner helices, as well as in the bend angle of the outer helix and in their stoichiometry. Moreover, one model was created in the Na + bound state, and in the other a bound H + was assumed. That the computations for these different models yield the same selectivity values (Fig. 6) indicates that these models capture the key factors controlling the specificity of the c ring.
Finally, it is worth stressing that this analysis is focused on the thermodynamic component of the ion selectivity of the c ring. This analysis is therefore not dependent on factors such as the electrochemical gradient, the nature of the interface with subunit a, or the lipid composition of the membrane. These factors likely influence the rotary mechanism and transport kinetics of the enzyme, and therefore might modulate its ion selectivity. However, we postulate that the relative binding affinity of Na + and H + to the c ring is the primary cause for the physiological specificity of the ATP synthase.
In conclusion, we have experimentally demonstrated that the rotary mechanism of the A 1 A 0 ATP synthase in M. acetivorans is coupled to the translocation of both Na + and H + across the membrane under physiological conditions. Using molecular modeling and computer simulations, we have rationalized this unprecedented observation in terms of the structure of the csubunit rotor and the adaptations of its amino acid sequence. Taken together, these data strongly suggest that ATP synthesis in M. acetivorans is concurrently driven by physiological gradients of Na + and H + . Given the low free-energy gain resulting from methanogenesis (20, 39) , the simultaneous use of Na + and H + gradients for ATP production appears to be a convenient adaptation to the environmental challenges facing M. acetivorans. It will be of interest to investigate whether or not this adaptation has occurred in nonmarine, cytochrome-containing methanogens as well (e.g., Methanosarcina mazei).
Materials and Methods
Preparation of Washed Membrane Vesicles. M. acetivorans cultivation and crude vesicle preparation was carried out as described in SI Materials and Methods. For the preparation of washed membrane vesicles, M. acetivorans cells were grown in 20-L fermenters with 120 mM acetate as sole carbon and energy source. The cells were harvested aerobically at an A 578 of 0.4-0.5 and protoplasts were prepared as described in SI Materials and Methods. Therefore, DTE and resazurin were omitted. For cell disruption, the cells were suspended in a 25 mM Pipes-KOH buffer, pH 7, containing 25 mM MgSO 4 and 0.4 M sucrose. Before disruption, 100 μM PMSF as well as a few crystals of DNase were added. The protoplasts were passed through a French pressure cell at 400 PsiG, which resulted in the formation of IMVs. The remaining protoplast as well as the cell debris was removed by centrifugation (4,000 × g, 10 min, 4°C). The supernatant was centrifuged at 135,000 × g for 1 h at 4°C to collect membrane vesicles. The membrane fraction was washed and afterward resuspended in the same Pipes buffer to a final protein concentration of 10-15 mg/mL. The protein concentrations were determined by the method described by Bradford (40) . To determine whether the IMVs are bioenergetically coupled, energization with an artificial ammonium gradient or with growth substrate was tested, as described in SI Materials and Methods.
Measurement of Na + Translocation. The experiments were performed under aerobic conditions in 25 mM Pipes-KOH buffer, pH 7, containing 25 mM MgSO 4 ·7H 2 O and 0.4 M sucrose at 37°C in a water bath in a 3.5 mL glass vial. One milliliter of buffer was supplemented with 17 μM valinomycin and 10 mM KHSO 3 or NaHSO 3 , 40 or 50 mM KCl (depending on the cation of the sulfite used) and NaCl as indicated. Then, 20 μM ETH157, 10 μM SF6847, 10 μM CCCP, 250 μM DES, or 750 μM DCCD were added as indicated. 22 NaCl (final activity 0.5 μCi/mL carrier-free) was added and incubated for 40 min to ensure Na + equilibrium before the reaction was started. After 6 min, 5 mM K 2 -ATP was added. The Na + concentration of the assay was determined with a Na + -selective electrode (model 720A; Orion). When the effect of the pH had to be analyzed, a buffer containing 25 mM Pipes-KOH/Mes-HCl, 25 mM MgSO 4 ·7H 2 O, 0.4 M sucrose, 17 μM valinomycin and 10 mM NaHSO 3 at pH 5 or 7 was used. SF6837, DCCD, DES, ETH157, and valinomycin were added as ethanolic solutions. CCCP was solved in DMSO. Controls received the solvent only. The samples were taken and radioactivity was measured as described previously (41) .
Measurement of H + Translocation. The experiments were performed under aerobic conditions in 5 mM Pipes-KOH, 5 mM Tricine-HCl buffer, containing 25 mM MgSO 4 ·7H 2 O, 150 mM KCl and 4 μM ACMA at 37°C. Then, 100 mM NaCl, 10 μM SF6847, 10 μM CCCP, or 750 μM DCCD were added as indicated. After equilibration of fluorescence 2 mM K 2 -ATP was added. The quench was abolished by the addition of 20 μL of saturated (NH 4 ) 2 SO 4 solution.
Fluorescence was measured in a cuvettete in a fluorescence spectrophotometer (F-4500; Hitachi) with excitation at 410 nm and emission at 490 nm.
Structural Modeling and Simulation. A description of the methodology for modeling the structure of Na + -and H + -bound c 4 oligomers is provided in SI Materials and Methods, along with details on the molecular dynamics simulations and the calculations of the free energy of selectivity.
